[1] In this paper we describe the methodology of an offline retrieval of CO 2 from AIRS data and show comparisons of these retrievals with all available NOAA ESRL/GMD aircraft data during 2005. In general, we find that when compared to the aircraft the AIRS CO 2 estimates agree to approximately ±0.5% in middle-tropospheric CO 2 column abundances between ±65 degrees latitude.
Introduction
[2] Although it was designed for high resolution/accurate temperature and moisture profiles, the National Aeronautics and Space Administration Earth-Observing System (NASA-EOS) Atmospheric Infrared Sounder (AIRS) is capable of measuring variations in carbon trace gases such as CO 2 Crevoisier et al., 2003; Engelen and Stephens, 2004; Aumann et al., 2005] . This capability coupled with the AIRS broad swath pattern, low and well characterized instrument noise, and global coverage afforded by a method termed cloud-clearing, enables derivation of the distribution of CO 2 (as well as other trace gas species) in the middle-to-upper troposphere on global scales twice per day.
[3] Numerous studies Crevoisier et al., 2004; Chahine et al., 2005] have shown that retrievals from AIRS show expected seasonal and latitudinal variability in the tropics as compared to JAL Matsueda flask data [Matsueda et al., 2002] . Engelen and McNally [2005] extend some of the results to higher latitudes using flask measurements from the National Oceanic and Atmospheric Administration (NOAA) Environmental Systems Research Lab/Global Monitoring Division (ESRL/GMD) formerly known as the Climate Monitoring Diagnostics Laboratory (CMDL) aircraft network. Nevertheless, attempts to use retrievals to constrain atmospheric inversions of CO 2 surface fluxes [Chevallier et al., 2005] have been for the most part unsuccessful and comparison to models [Tiwari et al., 2006] have raised questions concerning the ability of models to correctly reproduce large scale circulation pathways of atmospheric CO 2 and other atmospheric tracer species. Simultaneous derivation of atmospheric concentrations of CO, CH 4 [Xiong et al., 2008] , and O 3 in the middleto-upper troposphere as well as high vertical resolution temperature and moisture profiles will enable better constraint on model transport and vertical mixing and warrant more study of the capabilities of the AIRS instrument in deriving CO 2 abundances.
[4] In this paper, we apply the methodology of Susskind et al. [2003] to the retrieval of CO 2 from cloud-cleared radiances. In the section 2 we describe the methodology of the NOAA algorithm, and in section 3, we compare these retrievals to an extended set of NOAA ESRL/GMD aircraft measurements obtained during 2005 (C. Sweeney, private communication, 2006).
AIRS CO 2 Retrieval
[5] The ability of a thermal sounder to measure variations in atmospheric CO 2 is highly dependent on its ability to separate the radiative effects of temperature and CO 2 . This is due to the fact that these sounders primarily use CO 2 absorption regions (e.g., 15 mm, 4.3 mm) for temperature sounding; thus errors in the CO 2 background used in temperature retrieval will propagate into the retrieved temperature profiles [Engelen et al., 2001; Maddy et al., 2005] . In fact, Divakarla et al. [2006] showed that biases in the Version 4 AIRS retrieved temperature profiles correlated very well with expected seasonal variability in CO 2 ; however, the cause of the bias trend and seasonal oscillation is still under investigation.
[6] The AIRS instrument onboard Aqua is complemented with the Advanced Microwave Sounding Unit (AMSU), which utilizes an O 2 absorption band for temperature sounding. Ideally, the addition of the O 2 dependent microwave measurements to the CO 2 sensitive IR measurements will decouple the temperature/CO 2 interdependence; however, the low signal-to-soise ratio (S/N) and sidelobe issues make the use of the microwave data problematic. In order to mitigate the interdependence between temperature and CO 2 for the AIRS data we added a covariance term due to CO 2 variability in the channel noise covariance matrix [see Susskind et al., 2003, equation (30a), equation (30b) ] for the temperature retrieval and cloud-clearing steps. We retain both the diagonal and off-diagonal terms in order to preserve the channel correlation of a CO 2 perturbation. In the case of the results shown, we set the CO 2 perturbation to 2%. We note that for each retrieval, the channel noise covariance matrix also includes errors due to instrument noise, radiative transfer modeling errors, and uncertainties in various other trace gas concentrations.
[7] In a global ensemble of temperature retrievals from AIRS, the expectation of the bias error in temperature will be highly correlated with bias error in CO 2 . Unless properly characterized, trends in interannual differences in temperature retrievals from the same satellite platform will be due to Figure 1 . CO 2 Jacobians for a 1 ppmv layer perturbation for the 69 AIRS channels used in the NOAA retrieval. Polar, midlatitude, and tropical situations shown to illustrate the effect of H 2 O displacement on the peak altitude. The average Jacobian over all channels is shown as the thick black line. fit is used in all retrieval steps as a background state and as the initial guess for the CO 2 retrieval described below.
[8] To retrieve CO 2 and other geophysical parameters, a regularized nonlinear least squares solution [Susskind et al., 2003 ] is used to minimize the AIRS observations in the form of cloud-cleared radiances [Chahine, 1982] minus calculations from the fast Rapid Transmittance Algorithm [Strow et al., 2003] . The physical retrieval portion of the AIRS retrieval algorithm begins with a cloud-clearing step in which CO 2 is held constant at a background value based on the ESRL/GMD MBL fit described above. Using the cloud-cleared radiances, retrievals for temperature, moisture and ozone profiles as well as surface properties follow. The addition of the noise covariance term due to CO 2 in the cloud-clearing and temperature retrieval steps minimizes the impact of systematic errors in our assumed CO 2 background value on our retrieved CO 2 . In addition, owing to the nonlinearity of the Planck function, 4.3 mm band CO 2 channels respond to temperature changes more rapidly than 15 mm band channels. To take advantage of this, our AIRS CO 2 retrievals utilize 68 channels in the 15 mm band and 1 channel in the 4.3 mm band to infer CO 2 in four coarse layers spread throughout the troposphere and one coarse layer in the stratosphere, while the tropospheric temperatures are almost solely derived using 4.3 mm channels. As described above, channels sensitive to CO 2 variability also include sensitivity to temperature, water, ozone, and other geophysical parameters; therefore, in addition to an estimate of instrument noise, the algorithm weights each channel by an expectation of variability of the parameters in the least squares inversion. These channels were selected based on simulation experiments as well as signal-to-noise (S/N) considerations due to the interfering species.
[9] The AIRS measurements possess approximately 1 piece of information on the vertical distribution of CO 2 ; however, as shown in Figure 1 , the vertical position of maximum sensitivity, illustrated here by the simulated change in brightness temperature for a 1 ppmv change in CO 2 (i.e., a CO 2 Jacobian) is a strong function of water vapor burden not to mention clouds and other geophysical parameters (e.g., lapse rate, O 3 , etc.). In Figure 1 , each of the 69 channels used in the retrieval process are shown in gray scale. The average response is shown as a thick black line. The five layers used in the retrieval process were selected to better enable vertical determination of the sensitivity of measurements to CO 2 on a case-by-case basis.
Initial Comparison to In Situ ESRL/GMD Aircraft Flask Measurements
[10] Since 1992, NOAA ESRL/GMD has operated a network of measurement locations designed to monitor the global distribution and interannual variations of CO 2 and several other trace gases in the atmosphere. Included in this network are 20 sites, which regularly sample atmospheric gases (CO 2 , CO, CH 4 , H 2 , etc.) from near the surface to about 300 mb using light weight aircraft. , are included in the aggregation. Admittedly, the match up window is large; however, S/N limitations warrant substantial averaging to improve the performance of the algorithm.
[12] In Figure 2 we show comparisons to the aircraft flask data. To enable a better comparison of AIRS retrievals to the aircraft profiles and to account for the broad vertical weighting of the satellite measurements, the aircraft profile CO 2 is converted to a scalar measurement by taking the Jacobian (e.g., Figure 1 ) weighted average aircraft measured CO 2 above 2.5 km. As the peak pressure of the Jacobian is a function of latitude (i.e., moisture), the weighting used (i.e., the three panels of Figure 1 ) is stratified into three latitude groups, 1.) tropical, À25°to 25°; 2.) midlatitude, À60°to À25°and 25°to 60°; and 3.) polar, À90°to À60°and 60°t o 90°. Apparent from Figure 1 , with the exception of the Polar case, the AIRS instrument peak sensitivity lies between 6 km and 8 km and includes some sensitivity to the stratosphere above and the middle troposphere below to about 2.5 km. In the following, as a proxy for the AIRS retrieved CO 2 , we averaged the AIRS CO 2 estimates for the coarse layer lying between 6 km and 8 km. Figure 2 shows very promising comparisons for four ESRL aircraft sites as listed in Table 1 .
[13] Between 6 km and 8 km, AIRS retrievals capture much of the aircraft measured seasonal and latitudinal variation of CO 2 indicating that on biweekly timescales and over 200 km the vertical variation in CO 2 is roughly constant. We have not attempted to account for the a priori using averaging kernels because of uncertainties in extending the aircraft profiles above 8 km and the use of biweekly averaging of the AIRS retrievals to increase S/N. Although three of the four sites (CAR, ESP, LEF) shown in Figure 2 are within 10 degrees latitude of each other, individual site characteristics such as proximity to local sources and sinks give very different character in the monthly and seasonal cycle of CO 2 . For each of these three sites, the biweekly sampled NOAA AIRS retrievals track the measured values very well with the exception of summer months at LEF. At LEF, summer-time uptake of CO 2 near the surface is very large and the aircraft measurements only extend from the near the surface to 4 km. Using the NOAA/ESRL/GMD CarbonTracker model (Carbontraker available at http:// www.cmdl.noaa.gov/ccgg/carbontracker) [Peters et al., 2007] , to extend the aircraft profiles at LEF (not shown)
to the maximum extent of any ESRL/GMD aircraft (i.e., 8 km), we have found that the limited profile range of the ESRL/GMD aircraft at LEF explains much of the disagreement during the summer months at this site and indicates that proper comparison of IR sounder CO 2 retrievals to in situ aircraft measurement requires complete vertical sampling of the tropospheric column above 2.5 km. We are still trying to understand the disagreement at RTA; however, the most likely factors include air mass dependent biases, undetected clouds, and/or the lack of variability at this site.
[14] Figure 3 extends the comparison data set to include all sites available. In general, the NOAA AIRS estimates and aircraft measurements correlate very well (76% correlation) with the exception of low measured CO 2 values. Of the 495 matchups between the ESRL/GMD measurements and AIRS estimates, the standard deviation, s, is 1.77 ppmv and the bias (AIRS -ESRL) is À1.03 ppmv. The skill of the retrieval with respect to the a priori variation is further illustrated in the Taylor Diagram [Taylor, 2001] shown in Figure 4 .
[15] In Figure 4 the abscissa corresponds to the normalized CO 2 standard deviation for each site as measured by ESRL/GMD aircraft above 2.5 km, the ordinate corresponds to the AIRS a priori and retrieved CO 2 standard deviation each normalized by the measured variation, and the cosine of the angle between the horizontal axis and each point is the Pearson-correlation coefficient of the retrievals with respect to the aircraft measurements. The solid contours are the ''skill-score,'' calculated using [Taylor, 2001, equation (4)] with a R 0 value of 0.9. We have normalized the AIRS algorithm a priori and retrievals by the aircraft measured CO 2 in order to counteract the large degree of variability in the seasonal cycle with latitude. In Figure 4 , the beginning of each arrow corresponds to the AIRS a priori, and the end of the arrow corresponds to AIRS retrieval. A point lying at 1.0 on the abscissa would indicate a perfect fit to the ESRL measurements at each site. With the exception of the site at Rarotonga, the retrieval markedly reduces the a priori uncertainty. Individual site correlations are large and greater than 70%, and on average the retrieval well characterizes %70% of the variability at each site.
[16] Seasonal bias and root mean square error (RMS) statistics are shown in Figure 5 with the a priori shown in light gray and the AIRS retrievals in black. The horizontal dashed lines represent the average bias and RMS over all 495 match-ups shown in Figure 3 . The AIRS retrieval removes much of the a priori biases and for most months the RMS of the retrieval is half the RMS of the a priori. Averaged over the entire year, the a priori, by design, is less biased than the retrieval; however, as evident from the RMS error shown in the bottom panel, the retrieval removes much of the total error (standard deviation and bias) between the aircraft measurements and the a priori. Again, the largest deviations between NOAA AIRS estimates and NOAA ESRL/GMD measurements are in the summer months where photosynthetic drawdown is largest.
[17] Possible explanations to the differences between AIRS retrievals and ESRL/GMD aircraft measurements are summarized below and include systematic errors in cloud-cleared radiances due to errors in the derived geophysical state and differences in the vertical and spatial sampling volume as measured by the NOAA AIRS retrievals as compared to the aircraft measurements. As described in section 2, the AIRS retrieval system uses estimates of geophysical state errors to weight the channels used in the CO 2 retrieval. Improper estimation of the spectral correlation due to geophysical errors (clouds, H 2 O, O 3 , etc.) will induce a bias in the all-weather CO 2 estimates. With regard to differences in sampling volume as measured by AIRS and aircraft, the aircraft point measurements have been averaged above 2.5 km using AIRS CO 2 Jacobians, while each AIRS retrieval is a 50 km spatially averaged column with the largest vertical weight above 5 km. As evident from Figure 1 , AIRS' sensitivity to the integral column straddles the upper troposphere and lower stratosphere while the aircraft measurements generally only extend to 8 km. For sites such as LEF, where aircraft profiles maximum altitude is generally less than 4 km, the AIRS Jacobian weighting will not entirely remove the near surface CO 2 signal from the aircraft measurements because the peak of AIRS' measurements CO 2 sensitivity is located at a much higher altitude. Nevertheless, even with these caveats to the comparison, the results are very promising.
Conclusions and Outlook
[18] In this paper, we have shown NOAA AIRS retrievals compared to ESRL/GMD aircraft measurements over the 2005 year. These initial analyses demonstrate AIRS' remarkable ability to track seasonal and latitudinal variations of CO 2 in the middle to upper troposphere to better than 2 ppmv. As expected, the AIRS algorithm, as with all thermal sounders which rely on thermal contrast to infer trace gas amounts, performs best in the middle to upper troposphere. Nevertheless, this region of the atmosphere is precisely where in situ measurements are sparse and models have difficulty reproducing observed variability [Yang et al., 2007; Shia et al., 2006] . Gurney et al. [2004] and more recently Stephens et al. [2007] showed that the large variation in the magnitude of the northern hemispheric land flux between TRANSCOM participants directly relates to ability of the models to reproduce vertical transport, and hence, middle tropospheric CO 2 variability.
[19] The ESRL/GMD aircraft measurements of CO 2 in the middle to upper troposphere are currently at best sampled at two week intervals. Although the full resolution retrievals described in the paper require biweek temporal and 200 km spatial aggregation of the retrievals to meet 2 ppmv precision, the immense volume of data available from AIRS and future operational sounders such as the European Space Agency's (ESA) IASI (Infrared Atmospheric Sounding Interferometer) and NPOESS (National Polar-orbiting Operational Environmental Satellite System) CrIS (Cross Track Interferometer Sounder) will directly complement these valuable in situ measurements by providing global temporal and spatial context. Owing to AIRS' success at improving analysis and forecasts [Le Marshall et al., 2006] , the operational temperature and moisture products from this new generation of sounders as well as ozone and carbon monoxide [McMillan et al., 2005] , and newly available methane [Xiong et al., 2008] products from AIRS will enable better constraints on middle atmospheric transport, chemistry, and dynamics. Proper utilization of the retrievals from these different instruments will however require care in minimizing interinstrument calibration and radiative transfer modeling biases as well as characterization of the dependence on a priori information.
[20] Individual CO 2 estimates from AIRS (and other IR sounders) have low S/N, therefore care must be taken when interpreting individual results. While spatial and temporal averaging can reduce random components of error, systematic errors will remain in any aggregated product. More importantly, differences in the vertical weighting with water vapor burden (e.g., Figure 1 ) and case dependent skill (e.g., averaging kernels) must be assessed in order to properly interpret results.
[21] A 3 degree Â 3 degree reprocessing subset (1/24 data volume of the full resolution AIRS data) of the AIRS data between August 2003 to present has been created at NOAA/ NESDIS/STAR in order to validate operational products such as temperature, moisture, O 3 , CO, etc. and test new research products such as CO 2 . Comparisons to the aircraft data over the entire time period between 2003-2006 using this subset produce similar results when the total number of averaging ensemble members are considered. More importantly these data provide a global view of retrievals from AIRS including vertical weighting information in the form of averaging kernels Maddy and Barnet [2008] and can be made available by request on the Web (http://www.orbit. nesdis.noaa.gov/smcd/spb/iosspdt/otgas/trace.php) for interested parties.
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